INTRODUCTION
Survival in very low birth weight neonates (VLBW, 501 to 1500 g) has steadily improved with 84% of all VLBW neonates surviving. 1 While most of these survivors are healthy, chronic lung injury remains a significant health burden. 2 In the NICHD Neonatal Research Network, 23% of the VLBW neonates born in 1995 to 96 developed bronchopulmonary dysplasia (BPD). 1 The lack of a precise definition of BPD is a confounder to any study where BPD is an outcome variable. Most neonates with BPD do not undergo lung biopsy or any physiologic test and thus their pulmonary disease is defined clinically, on the basis of the sustained need for supplemental oxygen at 36 weeks postmenstrual age. The validity of this definition is supported by evidence that oxygen dependence at 36 weeks is predictive of long-term impairment in pulmonary function. 3 An inherent limitation of defining BPD by the need for supplemental oxygen is that the need for oxygen is determined by individual physicians, rather than on the basis of a physiologic assessment. The assumption that the criteria on which the decision to administer oxygen is uniform and applied similarly across institutions is erroneous. As there is no consensus in the literature, neonatologists have widely divergent practices regarding oxygen saturation. Indeed, published literature cites acceptable saturation ranges from 88 to 98%. [4] [5] [6] [7] [8] [9] At least one study suggests that VLBW neonates do just as well, and may actually have improved outcomes, when managed with lower oxygenation saturation (70 to 90%). 10 For the past 10 years, federal payers have required documentation of desaturation in room air in adults to satisfy the diagnosis for chronic obstructive pulmonary disease. 11 While such a room air test is now routine in adults, it has not been studied in premature infants. Research suggests that a room air test can be accomplished safely in selected infants receiving low amounts of oxygen with higher saturations. 5, 12 There is a need for a standardized test that can simply and safely be used across different institutions to define BPD. We hypothesized that a structured, short period of oxygen saturation monitoring coupled with gradual oxygen weaning to room air in selected infants receiving low amounts of oxygen would reduce the number diagnosed with BPD.
METHODS

Study Population
From October 1999 to February 2001, 199 consecutive VLBW neonates (501 to 1500 g birthweight) were followed prospectively. Neonates with congenital anomalies were excluded. Birthweight was 969±403 g (mean±SD) and gestational age 27.3±2.6 weeks. At 36±1 weeks corrected age, respiratory outcomes were defined in survivors as BPD or no BPD using two different definitions. The first definition of BPD used was a clinical definition based on oxygen administration at 36 weeks gestation. The second definition was a new physiologic definition based on combined measurement of oxygen saturation and oxygen administration. The outcomes of this cohort were assessed in an existing longitudinal follow-up program at 8 and 20 months of corrected age.
A comparison group of 10 neonates who had never had lung disease or who had recovered from minor amounts of lung disease and had been without oxygen treatment for at least 48 h were also studied. These infants represented the only premature infants free of lung disease in our institution within the study period.
Definition of BPD For this study, BPD was defined on a physiologic basis that combined oxygen and ventilation support with an assessment of saturation. Infants treated with mechanical ventilation, continuous positive airway pressure, or with supplemental oxygen concentration exceeding 0.30 were diagnosed with BPD without additional testing. Infants in supplemental oxygen <0.30 underwent a timed stepwise reduction to room air. Those who failed the reduction were diagnosed with BPD. No BPD was defined as treatment with room air with an oxygen saturation Z88%, or passing a timed, continuously monitored oxygen reduction test.
Failure was defined as oxygen saturation 80 to 87% for 5 minutes, or <80% for 1 minute. There were two methods for passing: a rapid pass and pass after full monitoring. Rapid pass criteria were met by successfully weaning to room air with all saturation Z96% for 15 minutes. If instead the saturations were 88 to 95%, the infant was monitored for a full 60 minutes in room air and defined a pass when all saturations exceeded 88% in that 60-minute period. In this study, no infants met the fast pass criteria and all were studied for the full monitoring period.
We selected the saturation cutoff value of 88% after surveying the literature for a ''gold standard'' for oxygen saturation in preterm neonates, reviewing published literature on saturation in preterm infants who have recovered from respiratory distress syndrome (RDS). Existing literature did not demonstrate a consistent standard for oxygen saturation targets; acceptable saturations ranged from 70 to 98%. 10, 13, 14 We found few existing data on saturation values in neonates who had recovered from RDS. Therefore, we utilized the methodology recommended by health service researchers when no gold standard exists: the expert consensus panel. 15 The panel consisted of the 14 principal investigators of the National Institutes of Child Health and Human Development Neonatal Research Network. Members completed a survey on current oxygen prescription practices in their NICUs. The lowest acceptable saturation that the expert panel cited was 88%. Therefore, the cutoff value of a passing test was defined as 88%. The impact of varying cutoff values from 88 to 92% was assessed.
Delivered oxygen concentration was directly measured in infant's receiving oxygen by hood using an oxygen analyzer (MiniOx III, Catalyst Research, Maryland) placed directly above the infant's head inside the hood. In infant's receiving oxygen by nasal cannulae, the delivered oxygen concentration (termed the effective oxygen concentration) was calculated using the technique described by Benaron and Benitz as modified for the STOP-ROP trial. 13, 16 The attending physician individualized the neonate's management. Oxygen was given either by oxygen hood or by nasal cannulae at the discretion of the care team. Infants cared for in nasal cannulae, received blended oxygen at a fixed liter flow, typically with flows of 1 l or less. Oxygen saturation at our center is generally maintained between 88 and 96%.
Oxygen Reduction Test
Infants receiving supplemental oxygen r0.30 at 36±1 week corrected age were eligible for a timed oxygen reduction test. Neonates were continuously monitored with a cardiorespiratory monitor, and pulse oximeter (Nellcor N200, Malickrodt Inc.), and directly observed by a trained neonatal research nurse throughout the reduction test. Baseline clinical data on the prior 12 h of heart rate, respiratory rate, oxygen saturation, and frequency of apnea and bradycardia were abstracted from the clinical record to determine baseline eligibility. Infants were studied in the supine position with a pulse oximeter placed on a limb in their usual baseline oxygen 30 minutes after a feeding. No formal assessment of sleep state was made. The test was performed in three parts: baseline, reduction phase, and return to usual oxygen. Values for heart rate, respiratory rate, oxygen saturation, and frequency of apnea (cessation of breathing for 20 seconds) and bradycardia (heart rate <80 beat/minute for Z10 seconds) were recorded every 60 seconds for a 15-minute baseline period. All occurrences of movement artifact (defined as visible motion of the infant together with loss of pleythsmograph signal from the monitor) were recorded and corresponding saturation values were deleted. If all baseline saturation values exceeded 88% in r0.30 supplemental oxygen, the infant was eligible for a stepwise oxygen reduction test. In the oxygen reduction phase, oxygen by hood was reduced by 2% steps every 10 minutes to room air with continuous monitoring of the infant and oxygen saturation. In infants receiving oxygen by nasal cannulae, the flow was maintained constant, and oxygen concentration was reduced in 2% increments by blender until the concentration was 21%, flow was then reduced in 0.1 l increments to zero flow. The nasal cannulae was removed from the nares but left affixed to the face, to not disturb the infant.
A comparison group of 10 convalescent premature infants was monitored in the same fashion for 60 minutes in room air.
Safety, Reliability, and Validity Evaluation Adverse events that might be associated with an oxygen reduction challenge, defined before the study began, were assessed in every infant who underwent the reduction. These consisted of: apnea >20 seconds, bradycardia (heart rate <80 beat/min for >10 seconds), and increase in baseline FiO 2 of 10% persisting for >1 hour after the reduction test. Reliability of the test was assessed in two ways: inter-rater reliability and test-retest reliability. Interrater reliability was assessed in five patients who were tested simultaneously by two observers; when agreement in this group was found to be 100%, no additional patients were tested. Testretest reliability was assessed in 12 patients who were studied twice within the same 24-hour period. Validity was assessed by correlating the results of the physiologic definition of BPD with three potential measures of ongoing lung disease: discharge home in oxygen, length of hospital stay, and readmissions to hospital in the first year of life.
Human Subject Protections
The study was approved by the Institutional Review Board of University Hospitals of Cleveland. Infants were studied after written informed consent was obtained from the parent or guardian. The risk of study participation was minimized by the continuous presence of an experienced neonatal research nurse. All infants were returned to their baseline supplemental oxygen at the end of the reduction test. The primary physician caring for the infant was given the results of the test. Further modifications in treatment, if any, were made at their discretion.
Statistical Analyses
Group differences on continuous measures were compared with Student's t-test. Categorical variables were assessed with the w 2 test. Significance was set at p< 0.05. Reliability of the test was assessed in two ways by measuring inter-rater reliability in five patients who were tested simultaneously by two observers. Test-retest reliability was assessed in 12 patients who were studied twice within 24 hours. Test-retest reliability was measured with the k statistic, with a value of 0.75 representing excellent agreement as suggested by Landis and Koch.
14 The impact of varying saturation cutoff values on the numbers of infants diagnosed with BPD was assessed formally.
RESULTS
Respiratory Outcomes
The outcomes of the neonates at 36 weeks corrected age are shown in Figure 1 . oxygen support, and nine because of a failed oxygen reduction test.
In contrast, the clinical definition diagnosed BPD in 45 (36%) of these 124 infants. Overall, using the physiologic definition reduced the number of infants diagnosed with BPD from 36 to 24%. The difference is statistically significant (p ¼ 0.011).
To determine if we could identify the group of infants who failed the reduction test on the basis of demographic characteristics, we compared those who passed and those who failed the oxygen reduction test (Table 1 ). There were no statistically significant differences in mean birthweight, mean gestational age, level of oxygen support at the time of the challenge, or baseline heart rate, respiratory rate, and saturation identified. More of the neonates who failed were born at less than 26 weeks.
Safety of the Oxygen Reduction Test
No infants experienced the predefined adverse safety events of bradycardia, apnea, or increase in baseline oxygen saturation. One infant who failed the challenge required a 3% increase in oxygen for <5 minutes. In the nine infants who failed the challenge, respiratory rate and saturation returned to baseline within 10 minutes of a return to the usual oxygen. The clinical care team identified no adverse effects of the oxygen reduction test.
Reliability and Validity of the Physiologic Definition
In the development of a new measurement tool, it is important to systematically assess the performance of the tool. In assessing the performance of the physiologic definition, we studied both validity (the extent to which the tool measures the desired variable) and reliability (the ability of a tool to return consistent results on repeated administration). Validity was assessed by correlating the results of the physiologic definition with discharge home in oxygen, length of hospital stay, and hospital readmission in the first year of life. Ultimately, five of 126 (3.1%) infants who were classified as no BPD and seven of 26 (26.9%) infants classified as BPD were discharged home in oxygen (p<0.001). In the five infants ultimately classified as no BPD yet discharged home in oxygen the infants passed the test with a cutoff of 88% but would have failed if the saturation cutoff had been raised to 90%. Infants classified as BPD had significantly longer hospital stays compared to those with no BPD (121.3±31.0 days (95% confidence interval 109. 4 The oxygen reduction test also had high reliability. Reliability was assessed in two ways: inter-rater reliability and test-retest reliability. Two observers simultaneously and independently assessed five patients. These assessments agreed in all five cases, yielding a 100% concordance rate. A total of 12 patients had the test repeated within 24 hours. All five patients who passed the test the first time also passed the second time. Of the seven patients who failed the test, six failed on the retest. Concordance between the two tests was excellent, with 92% of the tests yielding the same result (k statistic ¼ 0.83).
Impact of Varying the Saturation cutoff
We assessed the impact of varying oxygen saturation cutoff values on the outcome of the test ( Table 2) . As anticipated, raising the saturation cutoff required to pass the test increased the numbers of infants who failed. If pass was defined with a saturation cutoff value of Z88%, 63% of all infants tested passed this standard. If instead a saturation value of Z92% was required to pass, then 39% of tested infants passed. This represents a shift of nine infants from pass to fail. Even at the higher saturation cutoff of 92%, we identified infants treated with oxygen who were able to maintain that saturation in room air.
Saturation Values in Comparison Group of Neonates
Receiving Room Air A total of 10 neonates who were receiving room air at 36 weeks corrected age were studied for 60 minutes under the same physiologic definition protocol. The saturation values in these neonates had a mean and median of 98% (range 91 to 100). In this evaluation, the test proved to be safe and feasible. In fact, one could argue that neonates monitored under this protocol with continuous direct nursing observation were safer than infants who are weaned in routine clinical practice when direct observation is performed only intermittently. The test was required in 17% of this cohort and thus is feasible to perform within a clinical trial. We arbitrarily chose the length of each weaning step and the observation period in room air as 10 and 60 minutes, respectively, to allow sufficient time at each step for the saturation to equilibrate. With these time parameters, the test required no more than 2 hours to perform and thus was feasible. In this cohort, all infants reached saturation equilibrium within 5 minutes of each wean. Therefore, the protocol may be modified to 5 minutes at each weaning step, which will reduce the time needed for the study.
The magnitude of the change in the definition of BPD is comparable to the effect size seen in clinical trials of therapeutic modalities such as vitamin A that demonstrated an 11% reduction in BPD. 17 We speculate that the use of the physiologic definition may reduce the variation in the diagnosis of BPD between centers. Such variation may have minimized treatment effects of efficacious therapies in the past.
We were unable to identify any demographic characteristics of infants who failed the test that distinguished them from those who passed. The mean birthweight of those who failed was 100 g less than those who passed; although this difference was not statistically significant, it may be clinically important. In addition, significantly more of those who failed the test were born at less than 26 weeks gestation compared to those who passed. The relatively small number of infants studied under this protocol may have limited our statistical ability to detect real differences.
Our study may be criticized for the selection of the saturation cutoff point of <88% as the failure definition. The oxygen saturation cutoff point has merit on several levels. First, there is no consensus on an acceptable saturation for infants with BPD. Second, the STOP ROP study, the only published trial in which saturation levels have been randomly assigned in preterm infants, randomized patients to be studied at similar saturation levels of 89 to 94 or 96 to 99%. The study demonstrated no meaningful differences in outcome between the groups managed with saturations in these ranges, except for a higher rate of BPD in the group managed with higher saturations. 13 Third, at least one study has suggested that infants managed with lower saturations in the range of 70 to 90% had reduced retinopathy and BPD with similar acute neurologic outcomes. 10 The analysis of the impact of the saturation cutoff point indicates that there is very little impact on the passing rate with a cutoff of 88, 89, or 90% saturation. Some may find the cutoff of 90% more acceptable. The test can be modified easily to use different levels of saturation as a cutoff point for the definition of failure should researchers desire. A second potential criticism is the relatively brief observation period in room air. All infants who failed the test did so with in the first 30 minutes of the room air observation period. If one intended to use this test to guide clinical decisions about an individual patient's care, a longer observation period might be advisable.
The ideal saturation level for the management of preterm infants is not known. We monitored a small group of convalescent premature infants in room air and found the median saturation values to be 98%. These data are similar to those reported by Ng 18 and colleagues in 33 preterm infants studied in room air. Two radically different approaches to oxygen saturation targets have been proposed: the first approach suggests that oxygen saturation should mimic the lower saturation values seen in utero and thus potentially optimize the body's environment to developmentally regulated cellular processes. The second approach argues that preterm infants should be managed with oxygen goals that match the higher saturation values achieved in healthy preterm and term newborns. This debate can only be resolved by clinical trials that randomize infants in oxygen to different saturation values, and assess both short-term markers of oxidant injury and longer-term outcomes.
The study is intended to standardize the outcome of BPD as an endpoint in clinical trials. It may be difficult to achieve consensus on various practices, such as oxygen administration, between physicians and centers participating in multicenter trials. This physiologic definition leaves clinical practice the same, and uses a brief window of evaluation where all babies are assessed similarly. This definition will minimize practice variation between centers for the short period of the study. Minimizing variation may allow trials to more accurately detect real treatment differences that were previously masked by such variation. The physiologic definition is not intended to be used as a guide for clinical management. The infants studied, including those who passed the challenge, were all returned to their baseline oxygen and managed at the discretion of their attending physician. It was not the intent of this study to evaluate the safety of allowing infants who passed to remain in room air, and thus we cannot comment on the safety of that practice nor would we recommend it based on these data. Additional work is needed to determine if this timed oxygen reduction would be of benefit in weaning oxygen in clinical practice.
Improved Definition of BPD
Walsh et al.
The physiologic definition of BPD proposed improves the definition of BPD by minimizing variations introduced by oxygen prescription practices. However, better tools are needed to identify these infants. Such tools may include biomarkers of lung injury, or simplified tests of infant pulmonary function and may ultimately replace this simple clinical standard. Further work is needed to expand this study to multiple institutions and insure that the test is generalizable and feasible. Such a multicenter evaluation is in progress.
